The paper presents three indices for evaluation of hydrometeorological extremes, considering 12 them as areal precipitation events and trans-basin floods. In contrast to common precipitation 13 indices, the weather extremity index (WEI) reflects not only the highest precipitation amounts 14 at individual gauges but also the rarity of the amounts, the size of the affected area, and the 15 duration of the event. Besides that, the aspect of precipitation seasonality was considered 16 when defining the weather abnormality index ( 
Introduction 1
widely, and the precipitation intensity usually fluctuates during the event. Begueria et al. 1
(2009) partly took account of this fact; they used declustering of daily precipitation totals to 2 distinguish individual precipitation events and characterized them not only by magnitude and 3 duration but also by peak intensity. 4 Even more important is the spatial aspect of precipitation events. They always affect a certain 5 area; thus, precipitation extremes should be considered to be "regional events" (Ren at al., 6 2012). The latter approach is necessary if the intensity of precipitation and floods is to be 7 compared, because the size of the affected area influences the hydrological response. In our 8 previous paper (Kašpar and Müller, 2008) , we used the concept of areal precipitation intensity 9 and evaluated precipitation events based on the weighted average of daily areal precipitation 10 totals on three consecutive days. Nevertheless, Konrad (2001) demonstrated that the extremity 11 of an event depends on the size of the considered region. As a result, the areal average 12 disadvantages events that were violent but affected only a part of the region over which the 13 mean is taken (e.g., an administrative unit, a catchment). 14 Based on the concept of intensity, extreme events occur mainly in regions that are prone to 15 heavy rains (in the Czech Republic, such regions are along the northern state border because 16 of the orographic precipitation enhancement). In order to reflect regional climatic differences, 17 the concept of rarity is applied; extreme precipitation and floods can thus be detected in the 18 whole studied region. The concept is frequently used with regard to floods, and the intensity 19 (magnitude of the peak flow) is usually compared with return levels. If a set of extreme floods 20 is studied, they are defined as discharges with return periods exceeding a threshold. 21 Nevertheless, Uhlemann et al. (2010) noted that flood events frequently affect several 22 independent catchments and introduced the concept of trans-basin floods. We adopted and 23 adapted this approach to our data because we compared flood extremity with precipitation, 24 which also affects more than one catchment at a given time. 25
To enable this comparison, we propose indices that are based on the point estimates of return 26 periods of precipitation totals and peak discharges and on spatial averaging of the values 27 (Sects. 2.1 and 2.3). The method is further enriched by the aspect of precipitation abnormality 28 with respect to the season (Sect. 2.2). We demonstrate the method using data from the Czech 29
Republic and present three sets of events: precipitation extremes regardless and regarding of 30 the season and extreme floods (Sect. 3.1). These sets are further compared with regard to their 31 transformation, cell values of N ti are obtained; the value represents the return period of the 1 precipitation total accumulated during t days in a cell i. The cells are then sorted in decreasing 2 order with respect to N ti and considered within a stepwise increasing area a of n pixels (each 3 representing 4 km 2 for the chosen horizontal resolution). 4 The WEI is calculated by maximizing the variable E ta . This variable is defined as the common 5 logarithm of the spatial geometric mean G ta of the return periods N ti multiplied by the radius R 6 of a circle of the same area as the one over which the geometric mean is taken. This 7 relationship can be expressed as 8
The optimization of a is performed using a step-by-step enlarging of the area under 10 consideration. The variable E ta initially increases as we accumulate cells with lengthy return 11 periods; once the return periods are insufficiently long in the added cells, the value of E ta 12 starts to decrease. When choosing a time window for which E ta reaches its maximum during 13 the entire event, the respective maximum E ta equals the WEI. Then, it is also possible to 14 determine the affected area a, the duration t, and the respective geometric mean of return 15 periods G ta complying with the relationship E ta = WEI. The method is presented in Fig. 1,  16 which shows the EPE from May/June 2013, which was subsequently added to the study 17 because of catastrophic flooding observed during this time (Šercl et al., 2013) . Although the 18 maximum return period at a site belonged to the 1-day total on 1 June (Horní Maršov, 130.3 19 mm, > 1000 yr), maximum E ta gradually increased with increasing t. The WEI corresponded 20 to the five-day period from 30 May to 3 June 2013. 21 Nevertheless, the time distribution of maximum E ta values can be more complex. Figure 2  22 presents such a case from August 2002, when a subsequent EPE followed the previous one 23 after a break of only three days. In this case, two distinct maxima of E ta enabled us to 24 recognize independent EPEs and determine the durations of both events (two and three days, 25 respectively). Adding an extra day would cause the E ta value to decrease. Therefore, we did 26 not consider a longer time window (7 days) though the E ta would be even higher as the two 27
EPEs would be aggregated. Moreover, we also decided to consider precipitation events of the 28 length from 1 to 5 days only because the thresholds correspond with two main indices of 29 precipitation extremes by ETCCDI (Zhang et al., 2011 ). Figure 2 also shows that the extremity of precipitation with respect to the maximum E ta can 1 substantially differ from the areal mean of daily precipitation totals. Although the mean was 2 nearly twice as high on 11 August than on 6 August, the respective E ta maxima were the 3 same. The advantage of the concept of E ta is that the considered area and the time window are 4 "event-adjusted". Although comparably heavy rains were limited to the southwestern Czech 5
Republic on both days, weaker rains occurred only on the latter day throughout the whole 6 country. These non-extreme precipitation totals generally increase the mean, whereas they are 7 not included in the E ta . 8
Precipitation abnormality with respect to the season 9
Both precipitation long-term means and extremes are not equally distributed among the 10 seasons in most places on the Earth. In the Czech Republic, higher precipitation totals 11 generally occur in summer (Tolasz et al., 2007) . As a result, the WEI maxima are also 12 concentrated in the summer. 13 However, even smaller precipitation totals can be considered to be "extreme" when they 14 occur in a season when they are rare. If precipitation extremes are defined as events 15 significantly different from seasonally normal conditions, then they can occur throughout the 16 year. Precipitation extremes of this type will be referred to as abnormal precipitation events 17 (APEs). They were evaluated using the weather abnormality index (WAI), which has the 18 same design as the WEI, although it is calculated based on seasonally standardized 19 precipitation totals. 20
The standardization of daily precipitation totals reflects their annual distribution. The mean, 21 variance and skewness fluctuate significantly during the year (Fig. 3) , and thus none of these 22 parameters can be avoided in the process of standardization. The same is true for the kurtosis 23 which is very closely correlated with the skewness (not depicted). There are two types of fluctuations in the data. First, μ d and γ d change significantly from day 28 to day depending on the presence or absence of heavy precipitation episodes on a given 29 calendar day. These random fluctuations have to be smoothed using a proper time filter.
it produces artificial edges in the data. Moving averages are only slightly better from this 1 point of view. We used the Gaussian filter because it is considered the ideal time domain filter 2 (Blinchikoff and Zverev, 2001 ). We tested several data series to identify the most appropriate 3 length of the filter and chose Gaussian smoothing with a standard deviation σ of 30 days and a 4 time window of 3σ. Time-smoothed values of the mean and skewness are hereinafter referred 5 to as μ dG and γ dG , respectively. 6
Even the values of μ dG and γ dG fluctuate through the year because of seasonal changes in 7 precipitation climatology. The actual daily totals P 1 are standardized using the relationship 8
( 2) 9 where P ms is the seasonally standardized daily total, μ dG is the time-smoothed mean, γ dG is the 10 time-smoothed skewness of the distribution of daily totals  0.1 mm for a calendar day d, and 11 mean and skewness are at a maximum in the summer, whereas the winter is characterized by a 20 minimum of smoothed means but a secondary maximum of the skewness. As a result, 21 extreme totals were substantially reduced (approximately 30 %) by the dual standardization 22 when they occurred in the summer. The winter totals were increased (20 %) due to the 23 standardization of means; the increase in the totals due to the standardization of the skewness 24 was present primarily in the spring (15 %). Figure 4 confirms that both moments need to be 25 standardized to obtain a rather even annual distribution of extremes throughout the year.
 
(EFEs). The FEI is based on return periods of peak discharges at individual sites. In the 1 presented study, we used data from 198 Czech gauges beginning in 1961. However, only the 2 approximate return period values of N = 5, 10, 20, 50 or 100 years were available. Each site 3 represents a catchment with an area exceeding 100 km 2 . If there are one or more considered 4 sites upstream, the catchment area does not include the respective sub-catchments. 5
By analogy to the WEI, we combine the extremity at each site j expressed by the return period 6 N j with the area of the respective catchment a j . The area of the basin indirectly represents the 7 magnitude of the river. Return periods were considered without evaluating the possible 8 human impact on peak discharge so the value of the FEI represents the actual course of the 9 flood instead of the theoretical one. Nevertheless, the very high discharges that are crucial for 10 the evaluation of an event are generally less affected by human activities (Langhammer, 11 2008) . 12
The FEI is defined as the maximum of the variable F a , which is given by the equation 13
The aggregated area a a consists of h = 1, .., 198 considered catchments, which are ordered 15 according to N j in descending order. Return periods shorter than 5 years are assigned a value 16 of N j = 1 so that log(N j ) = 0 and the respective catchments do not contribute to the resultant 17
FEI value. 18
The method is demonstrated in values of the FEI. The reason is that return periods of peak discharges did not reach 50 years 22 during the first event, whereas during the latter event, the total area of catchments 23 corresponding to gauges with peak flows of N j ≥ 100 years exceeded 2000 km 2 , and the value 24 of a a corresponding to the FEI was larger. Unlike in Fig. 1 , the curves are not fluent because 25
only discrete values of N j were used (see above).
years, for example) were assigned the lower value. Moreover, the maximum values were 100 1 and 1000 years when calculating the FEI and the WEI, respectively. 2 A serious problem is the separation of individual EFEs if additional peaks occur during a 3 short period in the same catchments. We decided to separate EFEs with respect to EPEs. For 4 example, we distinguished two EFEs in August 2002 because they were produced by two 5 independent EPEs (Fig. 2) . Naturally, the extremity of the latter EFE was affected not only by 6 the latter EPE but also by the previous one in such a case; this fact can partly explain the 7 discrepancies between the extremity of precipitation and of subsequent flooding. 8
Finally, we tried to assess how much the FEI can be influenced by human regulations. 9
Therefore, a parallel calculation of the FEI was performed (hereinafter FEIu) using only data 10 from 97 Czech stations where no reservoir with flood protection function is present upstream. catchments, we prefer to use the FEI which seems to be robust enough also from the 17 viewpoint of human regulations. 18
Comparison of precipitation extremes and floods 19
Extremity of precipitation and of subsequent flooding can be compared using rankings of the 20 events and, furthermore, by the normalized ratio of respective extremity indices: 21 
24
Values significantly above and below average resulting from Eqs. (4) and (5) indicate that the 25 hydrological response to the precipitation event was most likely affected by factors other than 26 only the extremity of precipitation. One of these factors may be antecedent saturation. This 27 parameter can be expressed e.g. using the antecedent precipitation index (Köhler and 28 Lindsley, 1951) spanning 30 days (API 30 ) before the first day of the EPE/APE, which is 1 calculated using the relationship 2
where P i is the daily total during the i-th day of the period under consideration spanning n = 4 30 days, and the constant k represents evapotranspiration; generally accepted value of k is 5 0.93 for the Czech Republic (Brázdil et al., 2005) . 6
One of important climatological aspects of EPEs, APEs, and EFEs is their seasonal 7 distribution. To analyze this distribution, we adopted the directional characteristics method 8 (e.g., Black and Werritty, 1997), which was applied also to floods on selected Czech rivers by 9
Čekal and Hladný (2008). Individual extreme events are depicted in a radial diagram where 10 directions of vectors, which originate in the diagram's center and end in the signs representing 11 individual events, account for calendar days. In contrast to the above mentioned papers, we 12 modified the method so that signs representing individual events are not located on a unit 13 circle but their distance from the diagram´s center is proportional to the WEI, WAI, or FEI. 14 The resultant diagram better represents the seasonality of extremes because strong events are 15 assigned greater weighting. 16 17 3 Application to the Czech Republic 18 
Precipitation extremes and floods 19
Although the WEI, the WAI, and the FEI itself are independent of thresholds, it was 20 necessary to limit their values to constrain the sets of events that would be classified as EPEs, 21
APEs, and EFEs. This step was performed because there are no natural limits dividing 22 extreme from non-extreme events. In fact, the extremity of events gradually decreases with 23 even smaller differences among the events as less-extreme events are considered. We selected 24 the 50 events of each type so that one extreme event occurs per year on average. Sets of EPEs, 25
APEs, and EFEs during the period of 1961-2010 in the Czech Republic are listed in Fig. 6 . 26
The sets of EPEs, APEs, and EFEs partly overlap. We identified 22 precipitation extremes 27 that were classified both as EPEs and APEs. More than a half of the EPEs and nearly 50 % of 28 the APEs produced EFEs. If only the warm half of the year (MJJASO) is considered, thenumber of EFEs produced by EPEs increases to 75 %. This fact suggests that the magnitude 1 of causal precipitation is the main factor conditioning most of floods in the Czech Republic. 2 Nevertheless, we also identified cases in which the hydrological response to an EPE was too 3 small or too big. These events confirm that flooding is also significantly influenced by other 4 factors which are further discussed in Sect. 4.2. 5
Inter-annual variability of extremes 6
The temporal distribution of extreme events during the period of 1961-2010 is shown in Fig.  7 7. Regardless of the type of extremes (EPEs, APEs, and EFEs), there are certain common 
Seasonal distribution of extremes 25
The seasonal distribution of EPEs was significantly unequal during the period of 1961-2010 26 (Fig. 8) . Based on the selected threshold, these events occurred from May to December.
noted. The level of activity during the first half of August was particularly pronounced: this 1 time period was the seasonal peak in EPEs during the period of 1961-2010. 2 Naturally, APEs were distributed more equally from season to season during the 1961-2010 3 period than were the EPEs (Fig. 8) . We noted at least one event in every calendar month. 4
From October to March, the distribution of APEs was very uniform in terms of both the 5 number of events and the magnitude. The values of the WAI were less than 100 with only one 6 exception, which occurred during the 5 days from 28 December 1986 to 1 January 1987. This 7 event was so exceptional that it also qualified as an EPE (see above). In contrast, only one 8 APE was noted in April. This event and two others in the first half of May lasted only one day 9 each. 10
The seasonal distribution of EFEs partly correlates with the seasonality of precipitation 11 extremes, but it is also significantly affected by snow accumulation during the winter and by 12 changes in the saturation of basins. As a result, we identified three main periods when the 
Comparison with standard indices 25
In this section, the presented evaluation of precipitation and flood events is compared with 26 standard methods mentioned in Sect. 1. 27 Regarding precipitation extremes, they are usually detected by maximum daily totals P 1 at 28 any individual rain gauge (Ustrnul et al. decreasing WEI values but it is not fully true for point daily totals. As a result, the ranking of 8 precipitation events significantly depends on the evaluation criterion. For example, daily point 9 maxima were above 200 mm on 20 August 1972 and 22 July 1998 but the 1-day areal means 10 were only 5.2 and 7.3 mm, respectively. The affected area was very small in both cases (see 11 Moreover, some precipitation events lasted virtually only one day (e.g., 23 June 1992) but 25 others lasted three or even more days (e.g., 4-7 July 1997). The first case is not properly 26 evaluated by the areal 3-day mean total and the latter by the areal 1-day mean while the WEI 27 accommodates to the real duration of the events. All above mentioned examples demonstrate 28 the advantage of the WEI which combines the intensity of precipitation with its spatial extent 29 and reflects also duration of precipitation events. (Fig. 10) . 5 Naturally, the WAI is more closely related to the WEI than the RI. Values of the WAI are 6 higher than the WEI from September to the middle of May and lower in the rest of the year. 7
Values of the RI seem to be a bit more equally distributed through the calendar year but they 8 correspond less to the precipitation extremity. We considered the maximum FI value from the eight catchments and the UI representing all 19 these catchments together. To enable the comparison, the FEI was recalculated again using 20 data from only the eight gauges (hereinafter FEI_8). Only 31 of EFEs reached the FEI_8 21 values above zero (Fig. 11 ). Even such a rough comparison of the indices shows that the FEI 22 is a compromise between the FI representing the most affected catchment and the UI which 23 emphasizes the size of the affected area even more than the FEI. The difference between the 24 FI and the UI was mainly evident in July 1997 when the floods were extreme in the eastern 25 part of the Czech Republic but no flood occurred in the western part. 26
Relationship between precipitation extremes and floods 27
Though many precipitation extremes correspond with EFEs, there are still discrepancies 28 between the WEI and the FEI and even greater discrepancies between the WAI and the FEI 29 values. For example, the fourth largest EPE did not produce an EFE in August 1983; in fact,hydrological response of this event. These include unusually low antecedent saturation (mean 1 API 30 only 9.3 mm) and a moderately even distribution of rainfall over five days, whose 2 maximum occurred on the second day of the event. Regulation processes by the dams could 3 also play a role; nevertheless, Brázdil et al. (2005) confirm that no even unaffected peak flow 4 with the return period of two or more years occurred at Vltava River in Prague even though 5 the catchment belonged to the most affected by heavy rains. 6
All these factors will be studied in the future together with spatial patterns of precipitation to 7 elucidate the discrepancies between individual precipitation and flood events. One of the 8 factors to be considered should be the season when an EPE occurred, as discussed in Sect. 9 3.3. The important role of this factor is confirmed by Fig. 12 . It is clear that the hydrological 10 effect of an EPE is typically strong in May, more ambiguous in summer, and considerably 11 weaker in September. The very last event from the turn of May and June 2013 also supports 12 this conclusion (C e = 97 %, see Fig. 6 ). If an EPE occurs in the last month of the year, it can 13 also produce rather big flooding, although such events are very rare. 14 The hydrological effect of APEs (Fig. 12) is substantially reduced in the winter, early spring 15 (most likely due to precipitation in the form of snow) and autumn. In contrast, if precipitation 16 events are sufficiently high to qualify as APEs in the late spring and summer, they are usually 17 flood producing; surprisingly, this was also the case with all APEs in December. A 18 subsequent detailed study of intra-annual variations in precipitation patterns is necessary to 19 explain these findings. 20
However, seasonality can hardly explain the difference in flood activity between two periods 21 with unusually high EPEs (1977-1986 and 1997-2010) . The FEI exceeded 50 in association 22 with only two EFEs during the first period, whereas this occurred six times since 1997 (Fig.  23   7) . Several factors most likely explain the difference: (i) if two or more EPEs appeared during 24 one year in the first period, they were separated by a much longer interval than in the latter 25 The paper presents three indices for evaluation of hydrometeorological extremes. In contrast 5 to common indices, the presented indices reflect not only maxima of precipitation amounts 6 and peak discharges at individual gauges but also the rarity of values, the size of the affected 7 area, and the duration of precipitation. Besides that, the aspect of precipitation seasonality was 8 considered which enables the detection of precipitation extremes throughout the year. A 9 unified design of the presented indices enables to compare easily inter-annual and seasonal 10 distributions of precipitation extremes and large floods. 11
The application of the indices to the Czech territory demonstrates that this approach enables 12 to compare the extremity of precipitation and consequent floods rather than if precipitation 13 events are evaluated only by the maximum precipitation total at one station. Extreme floods 14 correspond to precipitation extremes; nevertheless, not only the magnitude of precipitation 15 extremes influences the hydrological response but also the season, the antecedent saturation 16 and other factors. The study confirms that variations in the frequency and/or magnitude of 17 floods can be due not only to variations in the magnitude of precipitation events but also to 18 variations in these factors. 19 Additional detailed studies are necessary for elucidating the way in which seasonality 20 influences the hydrological effect of precipitation extremes. This effect could be due to 21 seasonal differences in evapotranspiration or to possible seasonal variations in the attributes 22 of the precipitation itself. The events can differ, e.g., in the spatial distribution of precipitation 23 within the affected area or in the temporal concentration of precipitation during the event 24
(intensity can increase, remain the same or decrease). In addition, various circulation 25 conditions could explain the differences among the extremes (Kašpar and Müller, 2010) . In a 26 next step, we plan to explore the dependences on the circulation extremity index (Kašpar and 27 Müller, 2014) , which completes the set of tools for studying the pathway of causation from 28 circulation to precipitation and runoff. 29
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